Critical-temperature reduction ⌬T c is considered for a thin film of a superconductor ͑S͒ with a rough surface covered by a thick layer of a normal metal ͑N͒. The value of ⌬T c induced by the roughness of the SN interface can be much higher than ⌬T c for a film with a plain surface if the superconductor is extremely anisotropic.
Proximity effects are determined by the penetration of electrons from the normal metal into the superconductor and by the penetration of Cooper pairs from the superconductor into the normal metal.
1,2 A dramatic manifestation of proximity effects is the reduction of the critical temperature ⌬T c of a thin superconducting film covered by a thick layer of a normal metal. 1 In the case of an isotropic superconductor with a plain superconductor-normal-metal ͑SN͒ interface the value of ⌬T c is given by the formula
where ␥Ϸ0.74 is a numerical factor, ͑0͒ is the coherence length at zero temperature, and d is the thickness of the superconducting film ͓dӷ(0)͔. Proximity effects in anisotropic high-temperature copper oxide superconductors are currently under thorough experimental and theoretical study. 5 The reduction of the transition temperature for an anisotropic superconductor depends on the orientation of the SN interface relative to the symmetry axes of the superconductor. The value of ͉⌬T c ͉ is maximal when the SN interface is perpendicular to the axis corresponding to the maximum value of the coherence length. For an anisotropic superconductor with a rough SN interface the local orientation of the film surface relative to the symmetry axes is varying along the surface. A certain average value of the squared coherence length appears then in Eq. ͑1͒. Depending on the roughness this average value can be determined by the highest of the coherence lengths even if for a plain surface with the same orientation ⌬T c is determined by the smallest of the coherence lengths. Therefore, for a strongly anisotropic superconductor the roughness of the SN interface can drastically increase ⌬T c .
In the present paper we treat the reduction of the critical temperature ⌬T c for a rough superconducting film of an anisotropic superconductor covered by a thick layer of a normal metal and located on top of a substrate from an insulator with a plane surface (zϭ0), where the z axis is along the c direction and the xy plane is parallel to the ab planes. The average thickness of the film d is considered to be bigger than the coherence lengths at zero temperature (0) ( ϭa,b,c), i.e., dӷ (0). We assume that the roughness is small and describe the SN interface as zϭz S (x,y)ϭd ϩ f (x,y), with ͉ f (x,y)͉Ӷd and a zero average value ͗ f ͘ of f (x,y),
where A is the area of the film. The typical length scale l of variations of the film thickness f (x,y) is considered to be from the interval (0)ӶlӶ (T).
To find the reduction of the transition temperature we treat the Ginzburg-Landau free energy
where the order parameter ⌿ depends on the three coordinates x, y, and z in the case of a rough SN interface and H c is the critical magnetic field. To minimize the free energy ͑3͒ we have to formulate the boundary conditions for ⌿(x,y,z) at both surfaces of the superconducting film. The boundary condition at the plane interface with the substrate from an insulator is
In general, at the SN interface we have
where n is a unit vector normal to the SN interface; the eigenvalues of the dimensionless tensor m in the coordinate system aligned with the principal axes are m/m , and m and m are the effective masses in the normal metal and in the superconductor; b is the extrapolation length (bӶd). The left side of Eq. ͑5͒ is of order ⌿/ av , where the length scale av is a certain combination of the correlation lengths . In the close vicinity of T c the value of the extrapolation length b is temperature independent contrary to av . At the superconducting-to-normal transition point av becomes of order d and the left side of Eq. ͑5͒ can be disregarded. The boundary condition at the SN interface then has the form MAY 1998-I VOLUME 57, NUMBER 17 To find the value of F we use a trial function ⌿ϭ⌽͑x,y ͒cos z
This function satisfies the standard Ginzburg-Landau boundary conditions at the film surfaces,
and to find ⌽(x,y) we have to minimize the free energy. Substituting Eq. ͑7͒ into the functional ͑3͒ and assuming that ͉ f ͉Ӷd we obtain after integration over z
where iϭa,b, f i ϭ‫ץ‬ f /‫ץ‬x i , and ⌽ i ϭ‫ץ‬⌽/‫ץ‬x i . Minimization of the free energy ͑9͒ results in the following equation for ⌽(x,y):
We are interested in a solution of Eq. ͑10͒ imposed by the roughness of the SN interface. This solution has a length scale of the order of the length scale l of variations of the film thickness f (x,y). We take ⌽(x,y) in the form ⌽ϭ⌽ 0 ϩ⌽ 1 ͑ x,y ͒, ͑11͒
where ⌽ 0 ϭconst, ͉⌽ 1 ͉Ӷ⌽ 0 , and the length scale of ⌽ 1 (x,y) is of the order of l. It follows then from Eq. ͑10͒ that with the accuracy of ͉ f (x,y)͉/dӶ1 we have
Finally, using Eqs. ͑9͒, ͑11͒, and ͑12͒ we obtain for the Ginzburg-Landau free energy
